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SOLAR  ENERGY  ABSORPTION  EFFICIENCY  OF  AN  ELLIPSOIDAL  RECEIVER-REACTOR 

WITH  SPECULARLY  REFLECTING  WALLS 
A.  Steinfeld  and  E . A .  F 1  etcher  t 
Mechanical  Engineering  Department,  University  of  Minnesota 
111  Church  St.  S.E.,  Minneapolis,  MN  55455,  USA 
(Received  March  2,  19BB) 


Abstr ac  t-  An  ellipsoidal  cavity-receiver  with  specularly  reflecting 
inner  walls,  in  which  the  reactor  component  is  positioned  at  one  fo¬ 
cal  point  and  the  aperture  at  the  other,  may  be  useful  in  solar  ap¬ 
plications.  Most  of  the  incident  radiation  from  a  solar  concentrator 
should  reach  the  reactor  directly  or  after  one  reflection  from  the 
cavity  walls.  Because  the  source  (aperture)  and  sink  (reactor)  have 
finite  areas,  the  ellipsoidal  reflector  no  longer  conveys  all  of  the 
entering  radiation  into  the  reactor;  some  radiation  entering  the 
cavity  does  not  reach  the  target  after  one  reflection  and  is  even¬ 
tually  absorbed  by  the  cavity  walls  after  multiple  reflections  or  es¬ 
capes  through  the  aperture.  We  have  examined  the  conditions  for  which 
this  radiation  loss  becomes  significant  and  have  estimated  the  ef¬ 
fects  on  the  energy-collection  efficiency  of  the  system. 


"f  To  whom  correspondence  on  this  paper  should  be  addressed. 
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I ntroduc  t ion 


In  a  previous  paper,1  we  examined  a  new  kind  of  receiver-reactor 
for  high-temperature  solar  furnaces.  The  main  body  of  the  receiver 
component  is  an  ellipsoid  of  revolution  with  specularly  reflecting 
inner  walls.  The  reactor  component,  a  crucible,  is  centered  at  one 
focal  point  and  the  aperture  at  the  other.  With  this  arrangement,  one 
might  intuitively  expect  that  incoming  radiation  from  the  con¬ 
centrator  should  reach  the  reactor  directly  or  after  one  reflection 
from  the  cavity  walls  because  rays  which  pass  through  one  focal  point 
of  an  ellipse  must,  after  specular  reflection,  pass  through  the 
other.  We  then  presented  an  analysis  in  which  we  assumed  that  a  1 1  of 
the  incident  radiation  that  is  reflected  from  the  cavity  walls  ar¬ 
rives  at  the  crucible.  However,  as  we  pointed  out,  in  some  situa¬ 
tions,  depending  on  the  eccentricity  of  the  ellipsoid,  dimensions  of 
the  crucible  and  aperture,  and  geometry  and  rim  angle  of  the  con¬ 
centrator,  some  radiation  will  miss  the  crucible.  In  the  previous 
analysis,1  we  neglected  this  loss  in  order  to  simplify  the  solution. 
In  this  paper,  we  examine  the  magnitude  of  the  effect  of  the  omis¬ 
sion.  We  estimate  that  portion  of  the  radiation  that  misses  the 


crucible  after  one  reflection  from  the  cavity  walls.  Assuming  that 
such  radiation  is  ultimately  lost,  we  calculate  the  energy-absorption 


efficiency  of  the  system  and  the  maximum  crucible  temperature  it  is 


capable  of  achieving.  The  result  is  compared  with 
to  show  the  magnitude  of  the  effect. 
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A  schematic  diagram  of  the  system  components  is  shown  in  Fig.  j. 
The  receiver  is  an  el  1  ipso id-of-revo lut ion  with  specularly  reflecting 
inner  walls.  Its  major  axis  length  is  2a*  its  minor  axis  length  is 
2b,  and  the  distance  between  its  focal  points  Fa  and  F*.  is  2c.  Its 
eccentricity  is  c/a.  The  crucible  is  a  sphere  of  radius  rx,  with  its 
center  on  F,  .  The  aperture  is  a  circle  of  radius  re,  with  its  center 
on  F*..  It  lies  in  a  plane  perpendicular  to  the  major  axis.  The 
rece i ver-reac tor  system  is  coaxial  with  the  solar  concentrator-mirror 
array  whose  rim  angle  is  The  focus  Fe  is  at  the  focal  point  of 

the  concentrator .  The  sire  of  the  aperture  is  chosen  to  be  equal  to 
that  of  the  image  of  the  solar  concentrator  on  the  focal  plane  so 
that  virtually  all  of  the  incoming  energy  from  the  concentrator  en¬ 
ters  the  cavity.  In  practice  the  radius  of  the  aperture  would  there¬ 
fore  be  determined  by  the  characteristics  of  the  concentrator. 


We  assume  that  the  power  per  unit  area  coming  from  the  con¬ 
centrator  through  the  aperture  is  of  uniform  intensity  over  the  en¬ 
tire  aperture.  By  this  we  mean  that  the  power  flux  is  the  same  from 
every  point  in  the  aperture.  The  radiation  is  confined  to  a  cone 
whose  apex  angle  is  the  rim  angle  0,  ,  of  the  concentrator,  and 
within  this  cone  the  power  flux  entering  the  receiver  is  the  same  in 
every  direction. 


Our  objective  is  to  find  the  portion  of  radiation  entering  the 
cavity  that:  1.  strikes  directly  on  the  crucible,  i.e.  the  view  fac¬ 
tor  from  the  aperture  to  the  crucible,  2.  strikes  the 
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crucible  after  one  reflection  on  the  cavity  walls*  i.e.  the  view  fac- 

y  tor  from  the  aperture  to  the  crucible  after  reflection  from  the  el- 
r* 

lipsoid*  V,ndir., ti  3.  misses  the  crucible  after  one  reflection  on 
the  cavity  walls*  Obviously, 


4  i  '»f  t  4  Vlnij*rWL-t  4  V„,  .  w  w  1  • 


Ana  lysis 


To  solve  this  problem  we  used  a  Monte-Carlo  ray-trace  simula¬ 
tion.  We  followed  the  paths  of  a  large  number  of  rays  which,  within 
the  constraints  of  the  circumscribing  cone,  have  a  random  angular 
distribution,  counting  the  numbers  of  those  that  hit  the  crucible 
directly,  hit  it  after  one  reflection,  or  miss  it. 


With  Cartesian  coordinates  centered  at  the  center  of  the  ellip¬ 
soid,  the  equation  of  the  ellipsoid  is 


F  <  «  ,  y  ,  z  )  =  x‘-  /  a-'  4  y^/b^’  4  c^/b;'  -1=0. 


Our  incident  ray  passes  through  the  aperture  at  a  point 
**  A<c,y«,r.)  and  has  a  direction  parallel  to  the  unit  vector  u 

t  v> 

j  Ur- j  4  u-,k.  Since  this  ray  comes  from  the  concentrator. 


lu,|  <  cos  . 


y>  The  equation  that  gives  the  coordinates  of  a  generic  point  P,  on 

the  incident  ray  is,  in  vectorial  notation, 

n 


<fc  with 


<  P  ,  -A )  X  u  =  0 


u|  =  1  . 


(  3  ) 


(  4  ) 


1}  p 

j  Let  E  (  K.m  ,  y.  ,  z» )  be  the  point  of  intersection  of  the  incident  ray 

Q  ^  with  the  ellipsoid  of  revolution  that  gives  x.<c.  The  equation  of  the 


normal  to  the  surface  at  point  E  is  given  by 


.'to 


v  p? 


<P, -E )  X  n  =  0, 


where 


-  7  F. 


(5) 


(  6  ) 


The  equation  for  the  reflected  ray  with  a  direction  parallel  to 
uni t  vec  tor  r  i s 


9  tS 


with 


<P.  -E  )  X  r  =  0 


r  I  =  1  . 


(  7  ) 


E  ) 


Inasmuch  as  the  angle  of  incidence  equals  the  angle  of  reflec¬ 
tion  and  the  rays  are  coplanar  with  the  normal  to  the  surface. 


u  x  n  =  n  X  r. 


9  ) 
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Resu its 

Using  a  Monte-Carlo  simulation  with  a  sample  of  50*000  rays*  we 
have  counted  the  number  of  direct  hits,  hits  after  a  single  reflec¬ 
tion,  and  misses.  The  results  are  presented  in  Figs.  2  and  3.  Figure 
2  shows  the  variation  of  the  view  factors  V„  ,,■,-<  *  ,  <  anc 

V„,4„„  as  a  function  of  the  crucible  radius.  Figure  3  shows  V„  ,  as  a 
function  of  the  parameters  r,  *  rF.  and  the  eccentricity. 

With  a  particular  receiver,  there  is  a  crucible  radius  above 
which  V„,.m=0;  all  of  the  radiation  will  be  captured  directly  or 
after  a  single  reflection  by  a  crucible  whose  radius  is  larger  than 
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this  radius.  If  the  crucible  is  smaller,  some  of  the  radiation  enter¬ 


ing  the  cavity  will  never  reach  the  crucible.  It  will  eventual]/  be 
absorbed  by  the  cavity  walls  or  escape  through  the  aperture.  Thus, 
although  we  may  be  able  to  obtain  higher  temperatures  on  small 
crucibles,  their  energy  absorption  efficiency,  the  fraction  of  the 
incident  radiation  which  is  usable  as  process  heat  in  the  crucible, 
will  be  somewhat  lower.  If  the  crucible  is  larger,  all  the  energy 
that  enters  the  receiver  reaches  the  crucible  directly  or  after  one 
reflection.  But  the  maximum  temperature  the  crucible  is  capable  of 
achieving  will  be  lower  because  the  surface  from  which  the  crucible 
is  reradiating  is  larger.  It  is  also  apparent  that  the  smaller  the 
aperture  the  smaller  is  the  radius  for  which  Vml„  becomes  0.  Because 
we  have  made  the  aperture  size  equal  to  that  of  the  image  of  the  con¬ 
centrator  at  the  focal  plane,  a  smaller  aperture  implies  a  higher 
quality  concentrator. 

Energy-absorption  efficiencies  were  calculated  using  a  pre¬ 
viously  described  method.1  Their  variations  with  the  crucible  tem- 
perature  are  shown  in  Fig.  for  various  crucible  radii.  The  energy 
input  to  the  cavity  is  6590  W,  the  concentrator  rim  angle  45c,  the 
aperture  radius  5  cm,  the  ellipsoid  semi-major  axis  length  £5  cm,  the 
eccentricity  0.6,  the  emissivity  of  the  crucible  0.9,  and  the  reflec¬ 
tivity  of  the  cavity  walls  0.9.  The  dashed  lines  refer  to  the  op¬ 
timistic  estimation  of  our  previous  analysis.  The  full  lines  were  ob¬ 
tained  using  the  view  factors  from  Fig.  5  assuming  that:  1.  The  image 
of  the  solar  concentrator  at  the  focal  plane  is  the  size  of  the  aper¬ 
ture.  2.  Once  an  incident  ray  misses  the  crucible  after  one  reflec¬ 
tion,  it  never  reaches  it.  We  observe  that  for  r,<3cm  the  portion  of 
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radiation  that  misses  the  crucible  is  no  longer  negligible  and  should 
be  taken  into  account  to  give  a  realistic  estimation  of  the  thermal 
efficiency.  For  r ,>3cm  dotted  lines  and  full  lines  coincide  and  no 
correction  is  necessary. 

For  a  given  crucible  temperature,  there  is  an  optimum  crucible 
size  for  which  its  energy  absorption  efficiency  is  maximum.  This  op¬ 
timum  size  can  be  found  with  the  help  of  Fig.  5.  The  efficiency  is 
plotted  as  a  function  of  the  crucible  radius  for  various  crucible 
temperatures.  As  we  go  to  higher  temperatures*  the  optimum  crucible 
size  becomes  smaller  and  the  energy-absorption  efficiency  is  lower. 
For  example,  at  1 000K ,  the  optimum  crucible  radius  is  approximately 
3.2cm,  which  gives  a  maximum  efficiency  of  about  0.71.  At  1750k,  the 
optimum  crucible  radius  is  1.65cm  and  the  maximum  efficiency  goes 
down  to  0.33. 

In  the  previous  analysis,1  we  found  that  the  thermal  performance 
of  the  reactor  is  not  very  sensitive  to  aperture  size.  This  statement 
still  holds  as  long  as  the  aperture  is  big  enough  to  intercept  all 
the  rays  coming  from  the  concentrator. 


Ac  k  no w I  edge men  t  s-  We  are  grateful  to  the  Office  of  Naval  Research  and 
The  Northern  States  Power  Company  for  the  financial  support  which 
made  this  work  possible. 
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FIGURE  CAPTIONS 


Fig.  1.  Schematic  diagram  of  the  system  components.  The  receiver  is 
an  e 1 1 i pso i d-of -revo 1 ut i on  with  specularly  reflecting  inner  walls. 

The  crucible  is  a  sphere  centered  on  one  focal  point.  The  aperture  is 
a  circle  centered  on  the  other  focal  point.  The  receiver-reactor  sys¬ 
tem  is  coaxial  with  the  solar  concentrator. 

Fig.  2.  Variation  of  the  view  factors  with  crucible  radius.  The  view 
factors  are  defined  as  the  portion  of  radiation  entering  the  cavity 
that  is  subjected  to  all  of  the  following  effects;  1.  strikes 
directly  on  the  crucible>  V.,,...^;  2.  strikes  the  crucible  after  one 
reflection  from  the  cavity  wal  lsi  3.  misses  the  crucible 

after  one  reflection  from  the  cavity  walls*  V^lmm.  The  semi-major 
axis  length  of  the  ellipsoid  is  25  cm.  The  eccentricity  is  0.6.  The 
concentrator  rim  angle  is  45' .  The  aperture  radius  is  5  cm. 

Fig.  3.  Vml-„,  the  portion  of  radiation  that  misses  the  crucible 
after  one  reflection  from  the  cavity  walls*  is  shown  as  a  function  o f 
the  crucible  radius  for  various  aperture  radii  and  ellipsoid  ec¬ 
centricities.  The  semi-major  axis  length  of  the  ellipsoid  is  25  c m 
and  the  concentrator  rim  angle  is  45°. 

Fig.  4.  The  energy-absorption  efficiency  is  shown  as  a  function  of 
the  crucible  temperature  for  various  crucible  radii.  The  energy  input 
to  the  cavity  is  6590  W.  The  concentrator  rim  angle  is  45°.  The  aper- 
ture  radius  is  5  cm.  The  semi-major  axis  length  of  the  ellipsoid  is 
25  cm.  The  eccentricity  is  0.6.  The  emissivity  of  the  crucible  is 
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0.9.  The  reflectivity  of  the  cavity  walls  as  0.9.  The  clashed  lines 
refer  to  our  previous  analysis,1  and  the  fu.l  lines  were  obtained  by 
using  the  view  factors  from  Fig.S. 

Fig.  5.  The  energy-absorption  efficiency  is  shown  as  a  function  of 
the  crucible  radius  for  various  crucible  temperatures.  The  same 
parameters  apply  as  in  Fig. 4. 
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